From the comparison of observed 1-Hz GPS data with simple forward computation that evaluates near and intermediate field terms, we put constraints on the early-stage rupture process of the 2011 Tohoku-oki earthquake. Mainly based on the time difference of the onset of large eastward displacements at stations along the northern coast of the source region, we estimate that the first significant moment release started around 35 km west of the hypocenter determined by JMA. The moment release occurred approximately from 20 s to 35 s after the initiation of the earthquake. Significant moment release around the hypocenter and in the near-trench region started from 25 s, and 35 s, at the earliest, respectively. Before about 20 s, the moment release of the 2011 Tohoku-oki earthquake must have been so small that any substantial displacements were not observed on land. The clear opposite motion that follows the large eastward displacement observed at many stations is due to the intermediate S-wave term.
Introduction
In order to understand the 2011 Tohoku-oki earthquake, it is crucially important to clarify the rupture process. Especially, the early-stage rupture process probably holds the principal key as to why the earthquake grew as large as magnitude 9. Many rupture models have been proposed for this earthquake mainly from seismic waveform inversion. These results have some common features, such as very large slip near the trench around 60 to 80 s (Ide et al., 2011; Lee et al., 2011; Shao et al., 2011; Suzuki et al., 2011; Yagi and Fukahata, 2011; Yoshida, K. et al., 2011; Yoshida, Y. et al., 2011; Yue and Lay, 2011) as well as the form of the moment-rate function, which has a shoulder around 35 s, a large peak at about 70 s, and which decreases to zero roughly at 150 s Hayes, 2011; Lay et al., 2011; Lee et al., 2011; Shao et al., 2011; Suzuki et al., 2011; Yagi and Fukahata, 2011; Yoshida, Y. et al., 2011; Yue and Lay, 2011) , where time is measured from the initiation of the earthquake. However, the results of seismic waveform inversion show a significant difference in the rupture process during the initial 30 or 40 s. In some analyses, the rupture continues around the hypocenter (Shao et al., 2011; Yoshida, K. et al., 2011; Yoshida, Y. et al., 2011) , whereas, in other analyses, large moment release occurs only in the down-dip (Ide et al., 2011; Koketsu et al., 2011) , up-dip (Lee et al., 2011) , or both regions (Yagi and Fukahata, 2011) .
Other than seismic waveform inversion, a back projection analysis, using the Metropolitan Seismic Observation Network (MeSO-net) that passes through the Tokyo Metropolitan area, shows moment release both in the down-dip and up-dip regions (Honda et al., 2011) . The MeSO-net data is considered to have a better resolution for the across-arc direction rather than the along-arc direction, because of the spatial relation between the network and the source area of the earthquake. The generation area of the first strong motion was commonly estimated in the down-dip region from the hypocenter based on the analysis of near-field strong motion data (Asano and Iwata, 2012; Suzuki et al., 2011; Yoshida, Y. et al., 2011) . However, the strong motion data have defects in that they are limited in resolution in the across-arc direction, and their amplitude can be larger as a result of fast slip-rate change rather than large slip itself.
1-Hz GPS data observed by the Geospatial Information Authority (GSI) can give important constraints on this problem. Because GPS data record displacements, even if the sampling rate is high, the GPS data are more directly related with the moment release during the rupture process. In this paper, by comparing simple forward computation with observed 1-Hz GPS data, we aim to clarify the early stage rupture process of the 2011 Tohoku-oki earthquake.
1-Hz GPS Data
Time series of surface displacements are recorded by the GPS Earth Observation Network (GEONET), operated by the Geospatial Information Authority (GSI) of Japan. GPS phase data with a sampling interval of one second are processed with a precise point positioning strategy implemented in the GIPSY-OASIS II software (Zumberge et al., 1997) . The final (precise) orbits and clocks produced by the Jet Propulsion Laboratory (JPL) are used, and phase ambiguities are resolved.
In Fig. 1 , we show a location map of the GPS stations used in this study with an image of the slip distribution (Yagi and Fukahata, 2011) of the 2011 Tohoku-oki earthquake. GPS time series data at the stations (solid triangles in Fig. 1 ) along the coast from northern Miyagi to southern Iwate prefectures are shown in Fig. 2 , where the displacements at Oshika, Kesen-numa, Kamaishi, and Miyako are represented by red, purple, blue, and green, respectively. The origin of time, in Fig. 2 , is 14:46:18, local time, on 11th March, 2011. As will be shown later, these GPS stations are suitable for constraining the location of moment release.
The largest displacement in the GEONET was recorded at Oshika. In each station, we can note a very large eastward displacement with a clear time difference from south to north. Interestingly, the large eastward displacement is followed by significant opposite motion. The north-south and vertical displacements are relatively small during the initial 80 s, but the southward displacement at the peak (about 100 s) exceeds 2 m at Kesen-numa and Kamaishi, which is larger than that at Oshika. The southward displacements are also followed by the opposite (northward) displacements. The vertical displacement is largest at Oshika and decreases from south to north. 
Displacement Due to Dislocation Source
In an isotropic homogeneous infinite elastic medium, displacement due to a dislocation source, which is generally expressed by a moment tensor, can be analytically evaluated (Aki and Richards, 1980; Matsu'ura, 1996) . For example, when the components of a moment tensor M(t) are zero except for M 13 (t) = M 31 (t) = m(t), the displacement of the i-th (i = 1, 2, 3) component in Cartesian coordinates at a point x and a time t is expressed as:
where R and γ i are the distance and the direction cosine of the i-th (i = 1, 2, 3) component from the source to the observation point. α, β, and ρ denote the P-wave velocity, S-wave velocity, and the density of the medium, respectively, and the dot represents the differential with respect to time.
In the following computation, we neglect the far-field terms (fourth and fifth terms in Eq. (1)), because they make a minor contribution to long-period displacement near the source region, as seen in Fig. 2 . Static displacements, which are always caused by the near (first term in Eq. (1)) and intermediate terms (second and third terms in Eq. (1)), are clearly dominant in Fig. 2 . When we take the ratio of the third (intermediate S-wave) term to the fifth (far field Swave) term in Eq. (1) with the values of R ≈ 100 km and β ≈ 4 km/s, we obtain:
with c ∼ = 4 ∼ 8 s, which depends on the direction from the source to the observed point. Equation (2) means that the intermediate S-wave term is more dominant than the far-field S-wave term, if moment release continues longer than several seconds. In addition, the ratio of the second term to the fourth term is about 1.7 times larger than Eq. (2) and the near-field term is also included in the following computation.
As an example (Fig. 3) , we computed the displacement at Oshika due to a dislocation source at the hypocenter. In this paper, we use the same fault parameters (strike 200
• , dip 12
• ) and hypocenter location (38.103N, 142.860E, depth 22 km) as Yagi and Fukahata (2011) . We also assume pure dipslip for simplicity, because the 2011 Tohoku-oki earthquake is considered to be basically pure dip-slip (e.g., Yagi and Fukahata, 2011) . Some of the inversion analyses (e.g., Lay et al., 2011) show relatively large strike-slip components, but even in their results the strike-slip component is usually small in the area where we assumed point sources in Fig. 1 . The P-wave velocity, Poisson's ratio, and the density are set at 7.0 km/s, 0.25, and 3.0 × 10 3 kg/m 3 , respectively. The moment function m(t) is assumed to linearly increase for T from t = 0 (i.e., box-type moment-rate function). Figure 3 shows two cases of T , 10 s (solid line) and 5 s (chain line).
The onset of displacement is marked by the arrival of a P-wave. Displacement usually shows a peak at the arrival of an S-wave and significantly moves in the opposite direction after that. This opposite motion is caused by the intermediate S-wave term. In some cases, the opposite motion overwhelms the previous displacement (e.g., the vertical component in Fig. 3 ). When T is 5 s, in comparison with T = 10 s, displacement during the initial 5 s is exactly the same and the final displacement (static displacement) is exactly half.
The setting of the computation of Fig. 3 is very simple: we assumed a homogeneous infinite medium. Hence, we cannot discuss absolute values of moment from a comparison of this computation to observed data. However, the arrival timing of P-and S-waves in Fig. 3 should be almost correct to an accuracy of probably less than 10%, from the comparison of travel times with a few representative structure models, such as PREM, CRUST 2.0 (Bassin et al., 2000) , and others (e.g., Yagi et al., 2012) . The sense of displacement (the position of nodal planes), and the relative amplitude of displacements, are also considered to be basically correct from the analogy of static displacements between an infinite elastic medium and a stratified elastic half-space (Fukahata and Matsu'ura, 2005) . Although we cannot discuss short-period displacements because of the neglect of the far-field terms, the travel times of the far-field terms are the same as those of the intermediate terms.
We also have to bear in mind that various waves with different timings and source locations are superimposed on the observed data. In Fig. 4 , we exhibit computed displacements at each GPS station caused by dislocation sources at a down-dip point (a), the hypocenter (b), and an up-dip point (c). The location of the sources are denoted by the star and squares in Fig. 1 . In the computation of Fig. 4 , and the following sections, we take T to be 10 s and the other settings are completely the same as in Fig. 3 , except source locations which are on the fault plane defined above. Then, the moment given at each source is the same, and so the scale of the vertical axis is different in each diagram depending on the sensitivity of displacement to each source. As can be seen in Fig. 4 , it is more difficult to extract source information from vertical displacements, because the final displacement, which is always subsidence, can be cancelled out by the transient displacement, which is usually uplift. On the other hand, in eastward and southward displacements, the static displacements basically steadily accumulate, although the intermediate S-wave term considerably modifies the record. Fig. 4 . Computed displacements at Oshika (red), Kesen-numa (purple), Kamaishi (blue), and Miyako (green) due to dislocation sources at a down-dip point (a), the hypocenter (b), and an up-dip point (c). The source locations are shown by the star and squares in Fig. 1 . The same constant moment release rate as in Fig. 3 is given at each source for 10 s from t = 0. Thick, thin, and broken, lines represent eastward, northward, and upward displacements, respectively. Some offsets are given for north-south components.
Estimation of Early Rupture Process
The computed feature of a large eastward displacement followed by a significant opposite motion (Fig. 4) corresponds well to the observed displacement (Fig. 2) . As mentioned above, seismic waveform inversion results commonly show a very large slip near the trench around 60 to 80 s. Therefore, the large slip near the trench is considered to be the principal cause of this distinct observed GPS displacement. If we take into account the rigidity contrast along the plate interface and the difference of sensitivity of displacement to a dislocation source (Fig. 4) , the slip around the hypocenter may also greatly contribute to this distinct GPS displacement. In either case, subsidence and northward motions observed at each station around 2 minutes is consistent with the synthetic computation. As mentioned above, however, displacement at each station is generally caused by dislocation sources at various locations and timings. So, it is not easy to separate the various contributions to displacement except during the early stage.
From Fig. 4 , we can see a large eastward displacement at Oshika for every source location. On the other hand, eastward displacements are very small at Kamaishi and Miyako for the down-dip source, and the eastward displacement is again very small at Miyako for the hypocenter source. The observed GPS data (Fig. 2) show that significant displacement at Oshika starts at about 32 s. On the other hand, the eastward displacement at Kamaishi is very small before 50 s and becomes larger after 60 s. At Miyako, substantial eastward displacement starts around 68 s. If the significant displacement at Oshika is caused by dislocation around the hypocenter, or in the up-dip region, substantial eastward displacement at Kamaishi must be recorded with several seconds delay. Therefore, the first significant moment release must start in the down-dip region.
It should also be noted that the computed displacement of Fig. 4(a) is clearly different from the observed data at Oshika in the vertical component, which is the most sensitive to the change of the source location in the acrossarc direction. When we compute the displacement for a dislocation source shown by the solid circle in Fig. 1 , the vertical displacement at Oshika is also consistent with the observed data (Fig. 5) ; it is very small during the initial 10 s after the arrival of the P-wave. If the source moves to the north-south direction, as represented by the open circles in Fig. 1 , then the north-south displacement component at Oshika is significantly affected (Fig. 6 ). For the northern source (chain line), the sense of north-south displacement is reversed, and for the southern source (solid line), the northsouth displacement attains a similar amplitude to the eastwest displacement. In determining the location of the first significant moment release, the assumption of a uniform dip angle for the fault plane might be too simple. If the dip angle around the solid circle in Fig. 1 is larger by a few degrees than the assumed 12 degrees, then the point with almost no motion in the vertical displacement before the arrival of the S-wave (Fig. 5 ) moves eastward several kilometers, which corresponds to the radius of the solid circle in Fig. 1 . In short, the first significant moment release that is responsible to the onset of the displacement at Oshika should occur around the solid circle in Fig. 1 from about 20 s. Before about 20 s, the moment release of the 2011 Tohoku-oki earthquake must have been so small that any substantial displacements were not observed at GPS stations on land.
The eastward displacement at Kamaishi gradually grows from 50 s to 60 s (Fig. 2) . The eastward displacement of this period may be caused by the dislocation source around the hypocenter, but it is also possible that the same source responsible for the significant displacement at Oshika from 32 s causes this movement. As shown in Fig. 5 , static eastward displacement at Kamaishi amounts to about 15% of that at Oshika. However, the displacement after 60 s at Fig. 5 . Computed displacements at Oshika (red), Kesen-numa (purple), Kamaishi (blue), and Miyako (green) due to a dislocation source at the solid circle shown in Fig. 1 . The setting of the computation is the same as in Fig. 4 except for the source location. Thick, thin, and broken, lines represent eastward, northward, and upward displacements, respectively. For the north-south component some offset is given.
Kamaishi is much larger, and so the source location must be different. If the source locates around the up-dip point, as shown in Fig. 4(c) , the eastward displacement at Kamaishi must be followed by that at Miyako with a few seconds delay. Therefore, the onset of substantial eastward displacement at Kamaishi is not due to the source near the trench, but maybe around the hypocenter. In short, taking the travel time shown in Fig. 4(b) into account, the moment release around the hypocenter started from about 25 s if it caused the eastward displacement from 50 s at Kamaishi, and started from about 35 s if it caused the eastward displacement from 60 s. However, it is not easy to completely exclude the possibility that this significant eastward motion at Kamaishi was caused by a down-dip source to the north of the northern open circle in Fig. 1 . Then, northward motion must transiently arrive at Oshika, but such motion can be cancelled out by the southward displacement due to other sources to the south. Because substantial displacement starts around 68 s at Miyako, significant moment release in the up-dip region is considered to start around 35 s (Fig. 4(c) ). Again, this estimate is the earliest timing. In fact, significant moment release must occur in the region to the north of the hypocenter and the assumed near-trench source (open square in Fig. 1) as well, because a clear westward motion after peaking in the eastward displacement (about 120 s) is observed even in Miyako (Figs. 2 and 4(c) ). Fig. 1 . The setting of the computation is the same as in Fig. 4 except for the source location. Thick, middle, and thin, lines correspond to eastward, northward, and upward displacements, respectively. Some offset is given for the north-south component.
Discussion and Conclusions
From the comparison of observed 1-Hz GPS data with simple forward computation, we conclude that the first significant moment release in the 2011 Tohoku-oki earthquake started around the solid circle in Fig. 1 from about 20 s, and that significant moment release around the hypocenter, and in the up-dip region, started from about 25 s and 35 s at the earliest, respectively. So far, we have shown the GPS data only at a limited number of stations for simplicity, but data from other stations are also consistent with the above conclusions. In Fig. 7(a) , we show observed displacements at Yamoto (purple), Rifu (blue), and Watari (green) together with Oshika (red). Figure 7(b) shows the computed displacements at these stations due to the dislocation source at the solid circle in Fig. 1 . We can see that the onset timing of significant eastward displacements, as well as the sense and relative amplitude of north-south displacements, are well consistent in Figs. 7(a) and (b) . In this paper, we consider a simple model by assuming a point source, a box-type moment rate function, pure dip-slip, simple plate geometry, an infinite homogeneous medium, and neglect of far-field terms. With such a simple model, the observed 1-Hz GPS data in the early stage of this earthquake can be well explained.
As mentioned above, the results of seismic waveform inversion commonly show a shoulder in the moment-rate function at around 35 s. The observed eastward displace- , these observed data can be well explained by a cessation of significant moment release roughly at 35 s. That is to say, in the 2011 Tohoku-oki earthquake, significant moment release first occurred in the down-dip region approximately from 20 s to 35 s, which is well consistent with the inversion result of Yagi and Fukahata (2011) . The shoulder of the moment-rate function is considered to be caused in this way. On the other hand, significant moment release near the trench started after 35 s, which is clearly later than their result. A large moment release, first in the down-dip region, followed by a large slip near the trench, well corresponds to the inversion result of Ide et al. (2011) , but the timing of the transition is later and the location of large down-dip slip is apparently too close to the coast in their result. Analyses of high-rate GPS data are relatively new (e.g., Ji et al., 2004; Miyazaki et al., 2004; Ammon et al., 2011; Yue and Lay, 2011; Ohta et al., 2012; Wright et al., 2012) . However, as shown by this study, high-rate GPS data contain rich information about the rupture process of earthquakes. For example, the southward displacement at Watari after 100 s is considered to correspond to the rupture propagation southward in the later stage of the 2011 Tohoku-oki earthquake (e.g., Suzuki et al., 2011; Koketsu et al., 2011; Yagi and Fukahata, 2011; Yue and Lay, 2011) . Fast downward displacement around 90 to 95 s at Oshika is accompanied by fast southward and eastward displacements. This motion may be caused by a dislocation source to the south of the down-dip square and to the west of the southern open circle in Fig. 1 . To fully extract the rich information from high-rate GPS data is an interesting challenge.
